INTRODUCTION
Behaviors of surfactants in solution and at interfaces have been extensively investigated from the viewpoints of both scientific interest and industrial applications 1, 2 .
Mixed surfactant systems have recently attracted much interest. Mixtures of cationic and anionic surfactants behave as double-tailed zwitterionic surfactants and form vesicles in solutions 3, 4 , and in the case of cetylpyridinium chloride and sodium dodecyl sulfate SDS mixtures, they form crystalline multilayers at the air-solution interfaces 5 . In mixed systems of ionic surfactants and ionic water-soluble polymers, surfactant-polymer complex formation and phase transition from monolayers to multilayers have been re-structures of the resultant films have been studied using surface tensiometry and thermodynamic considerations 8 13 .
Using a radiotracer technique and the Wilhelmy plate method, Tajima et al. concluded that a phospholipid at the air-solution interface has strong ionic interaction with an alanine derivative, whereas it has only nonionic interaction with dilauroyl glyceride 15, 16 . Injection of Triton X-100 into the subphase on which a Langmuir monolayer of a phospholipid is formed results in the formation of films at the air-solution interface, with phase-separated structures consisting of the phospholipid and Triton X-100 18 . The phospholipid at the interface is not solubilized in the solution even at concentrations of Triton X-100 greater than the critical micelle concentration CMC . All previous studies on monolayer penetration assume or conclude monolayer formation.
In the present study, we investigated the structures of Langmuir films in contact with surfactant solutions. The important question is whether monolayer penetration is the only process that occurs in Langmuir films in the presence of water-soluble surfactant in the subphase. We used typical molecules for the formation of Langmuir films and for the adsorption from solutions to obtain a general picture of the structures of the films. Along these lines, we used a long-chain fatty acid, arachidic acid, for the formation of Langmuir films, in contrast to previous studies that used phospholipids as Langmuir-film-forming molecules. Arachidic acid is a typical Langmuir-film-forming molecule and forms stable Langmuir films. Because of the attractive electrostatic interactions, Langmuir films of arachidic acid induce the adsorption of cationic molecules 21 and polymers 22 , as well as the crystallization of proteins 23 and inorganic compounds 24 . We avoided these attractive electrostatic interactions because the strong attractive interactions, if present, may dominate the interactions between arachidic acid and the water-soluble surfactants. Hence, we used an anionic surfactant SDS and a nonionic surfactant octaethylene glycol monododecyl ether, C12E8 because arachidic acid is anionic in its deprotonated form and is neutral in its protonated form. We studied the structures of the Langmuir films of arachidic acid in contact with SDS or C12E8 solutions using surface tensiometry, Brewster angle microscopy BAM , and infrared external reflection spectroscopy IR-ERS . In both cases, we observed multilayer formation that was not reported in monolayer penetration studies. We suggest terming the Langmuir films in contact with surfactant solutions Langmuir-Gibbs LG films because the film structures are not explained only by the penetration of water-soluble surfactants in the Langmuir films. There are references in literature that use the term Langmuir-Gibbs films for Gibbs films with alkane films on top 25 . We believe that the films formed in the present study represent the term LG films more appropriately than the Gibbs films with alkane films because alkane films are not usually considered as Langmuir films. SO 4 Na ; CMC 8.0 mM was purchased from Merck. Hexane was obtained from Dojindo and was of spectroscopic grade. The critical aggregate concentration CAC of a mixture of D19A and SDS at a mixing ratio of 1 to 200 was estimated to be 5.0 mM using conductivity measurements.
EXPERIMENTAL PROCEDURES

Fabrication of LG lms
Langmuir films of D19A were prepared by spreading a 1 mM hexane solution of D19A at 20 on purified water 18 MΩ cm resistivity , and then compressing the molecules up to specific molecular densities. A specific amount of SDS or C12E8 aqueous solution was injected into the subphase 30 min after the preparation of the Langmuir film. We characterized the structures of the LG films after specific waiting times, and found that several hours were enough to obtain reproducible results using the techniques employed in the present study. Hence, we set the waiting time at 24 h for all measurements. Waiting times longer than 24 h were not practical.
Characterization of LG lms
The surface tension of water with the LG or Gibbs films at the air-solution interface was measured using a Lauda film balance. A BAM equipped with a CCD camera and a video recorder was devised in the laboratory. A He-Ne laser at 632.8 nm was used as the monitoring light. IR-ER spectra of the LG films were obtained on a PerkinElmer System 100 FTIR with an accessory for monolayer measurements. The angle of incidence of the IR beam was set at 30 because the optimal angle is reported to be in the range of 0-40 26 . All spectra were recorded at 4-cm 1 resolution using a TGS detector by co-adding 1200 scans in the 4000-750 cm 1 region. In IR-ERS, the absorbance is defined as -log R/R 0 , where R and R 0 are reflectance of the LG film and that of purified water, respectively. The band areas of the individual vibrations were obtained using a software interface for the spectrometer.
RESULTS AND DISCUSSION
General Remarks
In the present study, D19A was used as a Langmuir-filmforming material to separate the infrared absorption bands of the Langmuir-film-forming material from those of the water-soluble surfactants 27 . D19A and hydrogenated arachidic acid have been considered to behave in the same manner in Langmuir and LB films 28 .
LG films were fabricated via the formation of Langmuir films followed by the adsorption of surfactants from the subphase. Figure 1 shows the surface tension of water with the D19A-SDS LG film d D19A 1.60 nm 2 at the air-solution interface, γ LG , plotted as a function of the concentration of SDS in the solution, c SDS . Data of the surface tension of the SDS aqueous solution, γ SDS , are also shown. A decrease in the surface tension suggests an increase in the surface pressure of the D19A-SDS LG films. This suggests that the D19A molecules in the D19A-SDS LG films are subject to the surface pressure that is equal to the decrease in surface tension. γ LG changes with the variation in c SDS . Interfacial behaviors of the D19A-SDS LG films can be divided into three regimes on the basis of the surface tension: A 0.0 mM c SDS 2.0 mM, B 2.0 mM ≤ c SDS ≤ 5.0 mM, and C c SDS 5.0 mM. In regime A, γ LG is smaller than γ SDS and decreases monotonically with c SDS . γ LG increases in the initial region of regime B, suggesting a large structural change of the D19A-SDS LG film. It is not clear why the surface tension increases with increasing concentration of SDS in the initial region of regime B. Similar increases in surface tension have been reported in mixed systems of anionic polymer/anionic surfactants 30, 31 , anionic polymer/ nonionic surfactants 32 , cationic polymer/anionic surfactants 33 , and cationic polymer/ mixture of anionic surfactant and nonionic surfactant 34 . The mechanism of the surface tension increase has been determined to be the incorporation of surfactant in micelles 30, 31 , the incorporation of surfactant in nanodomains 32 and the complexation of surfactant and polymer 33, 34 . However, these processes are not relevant to those in the present study. After this region, γ LG decreases monotonically and approaches γ SDS . In regime C, γ LG ≈ γ SDS . Complimentary techniques were used to fully characterize the film structures. BAM has been used to study the phase transitions in the Gibbs films and Langmuir films, as well as the adsorption of molecules 35, 36 . Figure 2 shows BAM images of the D19A-
SDS
LG films in regimes A and B. The D19A-SDS LG films in regime A have phase-separated structures consisting of two parts: darker and slightly brighter parts. The slightly brighter part was assigned to an expanded or condensed monolayer of D19A, and the darker part was assigned to an expanded monolayer of SDS, upon considering that D19A should form denser monolayers than SDS does. In the region c SDS ≥ 1.5 mM, much brighter island-like domains were occasionally observed. It is suggested that these island-like domains have multilayer structures because these domains were much brighter than the condensed phases in the Langmuir films of D19A at the air-water interface not at the air-solution interface and because multilayer are much brighter than monolayers 37 . In regime B, the D19A-
LG films have phase-separated structures consisting of the multilayers described above and SDS monolayers. Monolayers of D19A are absent. These results strongly suggest that the multilayers are formed by the adsorption of SDS to D19A monolayers, resulting in bilayer formation under the domains of the D19A monolayers. The increase in surface tension in the initial region of regime B shown in Fig. 1 may be related to multilayer formation. In regime C, BAM gave featureless images. Neither multilayers nor domains of D19A monolayers were observed. Considering that the CAC of mixtures of D19A and SDS was 5.0 mM, all D19A molecules should be solubilized in the solution, resulting in the formation of Gibbs films of SDS at the air-solution interface. This is consistent with γ LG ≈ γ SDS . IR spectroscopy has been used to examine the structures of ultrathin organic films 5, 26 28, 38 40 . The CH stretching region of SDS is positioned at 2800-3000 cm 1 , and the CD stretching region of D19A is located at 2000-2200 cm 1 .
These features enable us to independently obtain information on the molecular density and orientation of D19A and that of SDS in the LG films. We used IR-ERS to study the structures of the D19A-SDS LG films d D19A 1.60 nm 2 . Figure 3 shows the IR-ER spectra of the D19A-SDS LG The CH 2 symmetric and antisymmetric stretching bands of SDS appear at about 2850 and 2920 cm 1 , respectively, in the IR-ER spectra of the D19A-SDS LG films in regimes A and B 0.0 mM c SDS ≤ 5.0 mM . The CD 2 symmetric and antisymmetric stretching bands of D19A are located at about 2090 and 2190 cm 1 , respectively 5, 27 . In regime C, no bands due to D19A are present while the bands due to SDS are present, suggesting that the D19A-SDS LG films are Gibbs films of SDS. Band positions of the CH 2 and CD 2 stretching bands reflect the conformation of the hydrogenated and deuterated alkyl chains, respectively 5, 28, 38 42 .
Band intensities of these vibrations in the IR-ER spectra have been used to examine the structures of the films 5, 39 42 .
It is reported that the band position and intensity of the CH 2 antisymmetric stretching vibration in the IR-ER spectra of SDS in the Gibbs films do not change at SDS concentrations higher than 3 mM 41 . It is also reported that at SDS concentrations less than 10 mM, the IR-ER spectra of SDS aqueous solutions are governed only by the SDS molecules in the Gibbs films, and not by those in the solution 42 . This shows that only the molecules in the D19A-
LG films contribute to the IR-ER spectra, with negligible contribution from the molecules in the solution under the experimental conditions employed in the present study. Parts a and b of Fig. 4 show the band areas and the band positions, respectively, of the CH 2 and CD 2 antisymmetric stretching vibrations in the IR-ER spectra of the D19A-SDS
LG films plotted as a function of c SDS . We used band area rather than peak intensity because the former is more closely related with the molecular density than the latter is. In regime A, the molecular density of SDS in the D19A-SDS LG film increases with an increase in c SDS while the molecular density of D19A remains unchanged. The CH 2 antisymmetric stretching band is positioned at about 2929 cm 1 . Considering that the band is located at 2917 cm 1 in condensed phases of fatty acid monolayers and multilayers 27, 38 40 , the alkyl chains of SDS in the present films are disordered, with a large fraction having the gauche conformation. The CD 2 antisymmetric stretching band is located at about 2194 cm 1 regardless of c SDS in regime A. This band appears at 2193 cm 1 in the IR absorption spectra of the LB films of cadmium deuterated arachidate in the condensed phase 28 . The CH 2 antisymmetric stretching band of stearic acid shifts to the smaller wavenumber region by 2 cm 1 during transition from an expanded phase to a condensed phase in the Langmuir film 38 . This shift shows that the CD 2 antisymmetric stretching band is positioned at about 2195 cm 1 for LB films of D19A in an expanded phase. We concluded that D19A molecules in the D19A-SDS LG films are in an expanded or condensed phase, with the alkyl chains of D19A adopting the trans conformation.
Considering the values of γ LG in regime A, the monolayer is in an expanded phase. These results show that D19A molecules are in an ordered state and that SDS molecules are in a less ordered state, which is related with the BAM observations that the D19A-SDS LG films have phase-separated structures consisting of monolayers of SDS and monolayers of D19A. In regime B, the molecular density of SDS in the 
D19A-SDS
LG film increases in the initial region and then becomes constant. The initial increase is most likely due to the adsorption of SDS to the D19A monolayer to form multilayers, giving rise to the shift of the CH 2 antisymmetric stretching band to the smaller wavenumber region of 2921-2924 cm 1 . This means that the fraction of SDS molecules adopting the trans conformation increases with multilayer formation. The molecular density of D19A remains almost unchanged in regime B. The CD 2 antisymmetric stretching band shifts to the larger wavenumber about 2195 cm 1 .
This means that the fraction of D19A molecules adopting the gauche conformation increases with multilayer formation. Multilayer formation gives rise to the conformational changes of both the SDS and D19A molecules, which may be caused by the penetration of SDS molecules into the D19A monolayer domains and the diffusion of D19A molecules into the bilayers of SDS. In regime C, the CH 2 antisymmetric stretching band is present while the CD 2 antisymmetric stretching band is absent. All of the D19A molecules are solubilized in the solution, resulting in the formation of Gibbs films of SDS at the air-solution interface. IR-ER spectral changes of the D19A-SDS LG film with c SDS are much different from those of the Gibbs film of SDS 41 . regime C are similar to those in regime B except that the fraction of the multilayers decreases with an increase in c SDS . The multilayers are present even at c SDS 5.0 mM CAC . The multilayers are kinetically stabilized, whereas the thermodynamically stable phase should be Gibbs films of SDS with all of the D19A molecules solubilized in the solution. This feature is related to the absence of solubilization of a phospholipid at the air-solution interface even at concentrations of the water-soluble surfactant greater than the CMC 18 . In regime D, BAM gave featureless images.
D19A-SDS LG lms
Neither multilayers nor the domains of D19A monolayers were observed. All D19A molecules are solubilized in the solution, resulting in the formation of were Gibbs films of SDS. Parts a and b of Fig. 7 show the band areas and the band positions, respectively, of the CH 2 and CD 2 antisymmetric stretching vibrations in the IR-ER spectra of the D19A-SDS 
D19A-C12E8
LG lms d D19A 1.60 and 2.63 nm 2 We next used nonionic C12E8 as a water-soluble surfactant, and fabricated LG films with D19A. We measured the surface tension of water with the D19A-C12E8 LG films d D19A 1.60 and 2.63 nm 2 at the air-solution interface at the concentration of C12E8 in the region 0.0 mM ≤ c C12E8 ≤ 0.10 mM CMC 0.08 mM . γ LG is almost equal to γ SDS in the concentration range of C12E8 used in the present study Fig. 8 . We observed the D19A-C12E8 LG Films d D19A 1.60 and 2.63 nm 2 using BAM. The D19A-C12E8 LG films have different structures depending on c C12E8 : A 0.0005 mM c C12E8 0.005 mM, B 0.005 mM ≤ c C12E8 ≤ 0.04 mM, and C c C12E8 0.04 mM. Typical BAM images of the D19A-C12E8
LG films in the three regimes are shown in Fig. 9 . The D19A-C12E8 LG films in regime A have phase-separated structures consisting of D19A monolayers and expanded monolayers of C12E8. In regime B, multilayers consisting of D19A and C12E8 are formed. The fraction of the multilayer increases with an increase in c C12E8 . In regime C, the fraction of the multilayer decreases with an increase in c C12E8 . The multilayers are present even at c C12E8 greater than CMC 0.08 mM , suggesting that the multilayers are kinetically stabilized. IR-ERS was used to study the structures of the D19A-C12E8 LG films d ing vibration decreases with an increase in c C12E8 , which initially appears to be inconsistent with the BAM observations. The apparent inconsistency is related to the dependence of the band intensities on the orientation of the transition moments 39 . The angle of incidence of the IR beam was 30 , which is smaller than the Brewster angle. Under this condition, the absorbance is negative for the transition moment lying in the film plane in both the p-polarized and s-polarized spectra. In contrast, for the transition moment oriented normal to the film surface, the absorbance is negative in the s-polarized spectrum, whereas it is positive in the p-polarized spectrum. We recorded unpolarized spectra in the present study to obtain high S/N ratios, which means that the obtained spectra have contributions from both the p-polarized and s-polarized spectra. The molecular axis of C12E8 is tilted by 64 in the Gibbs films 43 . In regime A, the D19A-C12E8
LG films have phase- with C12E8 in the multilayer domains. The decrease in the band area of the CD 2 antisymmetric stretching vibration shows that the orientation of D19A is affected by the presence of C12E8, and that D19A is significantly tilted with respect to the surface normal. This suggests that the C12E8 molecules penetrate through the monolayer domains of D19A molecules. ) plotted as a function of the concentration of C12E8 in the solution.
Structural Model of LG Films
The structures of the LG films investigated in the present study vary with concentration of water-soluble surfactants, and show common features. The structural model of the LG film is schematically shown in Fig. 11 . At low concentrations of the water-soluble surfactants of the D19A-SDS and D19A-C12E8 LG films in regime A, the LG films have phase-separated structures consisting of D19A monolayers and expanded monolayers of the water-soluble surfactants. At high concentrations of the water-soluble surfactants of the D19A-SDS and D19A-C12E8 LG films in regime B, the LG films have phase-separated structures consisting of multilayers and expanded monolayers of the water-soluble surfactants. The formation of bilayers of the water-soluble surfactants under the domains of D19A monolayers results in multilayer formation, followed by the penetration of the water-soluble surfactants through the D19A monolayers and the diffusion of D19A molecules into the bilayer regions of the water-surfactants. At concentrations higher than the CAC and/or CMC of the D19A-SDS LG films in regime C d D19A 
D19A-C12E8
LG films, the multilayers are kinetically stabilized and are present even 24 h after the injection of the water-soluble surfactants in the subphase. The multilayer formation in the present study may be partly due to the fact that arachidic acid is not deprotonated in the monolayers 44 . The hydrated water molecules under the monolayer are disordered, whereas water molecules form a more ordered hydrogen-bonding network under the monolayer of the deprotonated fatty acid 45 . This feature facilitates the dehydration of D19A Langmuir films, leading to the adsorption of water-soluble surfactants to the D19A domains, which eventually results in multilayer formation.
CONCLUSION
We studied the structures of LG films by obtaining information on the morphology of the films, as well as the density and orientation of the molecules in the films.
LG films consisting of a typical Langmuir-film-forming material, D19A, and typical water-soluble surfactants, SDS and C12E8, showed common structural features. At low surfactant concentrations, the LG films have phase-separated structures consisting of the domains of D19A monolayers and Gibbs films of the water-soluble surfactants, in accordance with those reported in the literature 18 . The structures agree with the assumption and conclusion of monolayer penetration. At high surfactant concentrations, we observed multilayer formation that is not reported in literature. This indicates that BAM observations and IR-ERS measurements are necessary for studying the structures of the LG films. The mechanism of the multilayer formation is not clear at present. No strong attractive electrostatic interactions exist between D19A and water-soluble surfactants used in the present study. Multilayers are formed by the adsorption of surfactants to the domains of the D19A monolayers. This means that the presence of the monolayer domains facilitates the formation of bilayers of the surfactants. The results of IR-ERS suggest the penetration of the surfactants through the monolayer domains of D19A and the diffusion of D19A into the bilayers of the surfactants. At concentrations of surfactants above CAC or CMC, all of the D19A molecules are solubilized in the solution. In some cases, multilayers are present at concentrations above CAC or CMC, suggesting that the multilayers are kinetically stabilized. This phenomenon may be related to the fact that Langmuir films are present at concentrations above CMC 18 .
